Laser-induced fluorescence spectra reveal the internal energy distributions of SrF(X 2 ⌺) formed in the reactions of electronically excited Sr( 3 P 1 ) with various unsaturated fluorohydrocarbons, i.e., CHFvCH 2 , CF 2 vCH 2 , CHFvCHF, and C 6 H 5 F. The internal energy distribution of the ground state diatomic product typically shows less vibrational excitation, without inversion, and somewhat lower rotational excitation than the reactions of Sr( 3 P 1 ) with HF and saturated hydrocarbons. The different behavior of the two groups of reactants is rationalized by a simple MO picture, assuming that an electron from Sr is transferred to a * orbital in HF and the saturated fluorohydrocarbons and to a * orbital in the unsaturated fluorohydrocarbons with a subsequent transfer to a * orbital of the C-F bond. The latter transfer constitutes an extension of the reaction path, leading to less vibrational excitation. This would explain why the energy disposal in the reaction with C 6 H 5 F behaves similar to that in the reactions with the fluoroethenes. Even if the shape of the vibrational distribution of the SrF product is the same for all unsaturated fluorohydrocarbons studied, the degree of vibrational excitation varies strongly. This even holds when comparing cis-and trans-CHFϭCHF, where the distributions can be characterized by distinct surprisal parameters.
I. INTRODUCTION
In the pursuit of a better understanding of the reaction mechanism and the distribution of the available energy in reactions of Sr( 3 P 1 ) with fluorine containing molecules, [1] [2] [3] in this paper we focus on reactions of Sr( 3 P 1 ) with unsaturated fluorohydrocarbons.
Gas-phase reactions between alkaline earth metals M and halogen containing molecules RX have been studied extensively, but not much is known about the influence of the presence of a double bond in the R group. A number of studies looked into reactions of metal atoms with aromatic halides. 4 -6 In this context Han, He, and Lou 4 suggested that the valence electron of the alkaline earth metal is transferred into the * orbital of the benzene ring, and subsequently transferred into the * orbital of the C-X bond. In their study of the reaction BaϩC 6 H 5 X→BaXϩC 6 H 5 ͑XϭI, Br, Cl͒, this hypothesis explains the increase in the amount of energy disposed into BaX vibration in going from C 6 H 5 I to C 6 H 5 Cl. Reactions of Ba with CH 3 X show an opposite trend in vibrational energy disposal. Both trends are explained with the increase and decrease of the LUMO ͑lowest unoccupied molecular orbital͒ energies in going from Cl to I for the reactions with C 6 H 5 X and CH 3 X, respectively.
Brenner, Smith, and Zare 6 observed very low vibrational and rotational excitation of the BaCl products formed in the reactions BaϩC 6 H 5 CH 2 Cl, C 6 H 4 CH 3 Cl, with the largest part of the reaction energy being disposed as translational energy or internal energy of the organic radical.
In previous papers, 1,2 parts I and II of this series, the product internal energy distributions of reactions between Sr( 3 P 1 ) and HF, 1 CH 3 F, C 2 H 5 F, and C 2 H 4 F 2 2 were presented. Electronic excitation of Sr to the 3 P 1 state was necessary for all reactions to observe SrF(X 2 ⌺) reaction products in our experiments. Large variations in reaction energy disposal were observed by studying the vibrational and rotational energy distributions in the SrF products.
In this study we present the vibrational and rotational population distributions in the SrF(X 2 ⌺) products formed in the reactions of Sr( 3 P 1 ) with CHFvCH 2 , CF 2 vCH 2 , CHFvCHF ͑cis, trans͒, and C 6 H 5 F. The energetics are shown in Fig. 1 . The exoergicity for all reactions is around 2.2 eV, slightly less than for the saturated compounds. The product energy distributions are deduced from the laserinduced fluorescence ͑LIF͒ spectra using spectrum simulation.
II. EXPERIMENT
As described in earlier papers on this subject, 1-3 the experiments are done in a beam-gas apparatus, where the Sr atoms effuse out of an oven kept at 900 K. The metal vapor diffuses into a vacuum chamber, where it intersects a 689.3 nm laser beam from a frequency-stabilized linear titanium: sapphire laser ͑Spectra Physics Model 3900S, 600-1000 nm͒. The Ti:sapphire laser is pumped by 4 W of an argon ion laser ͑Spectra Physics Model 2030, 15 W output all lines͒, yielding about 70 mW laser power in the scattering chamber.
a͒
In this way approximately 2% of the Sr atoms ͑number density 3ϫ10 10 cm Ϫ3 ͒ are electronically excited to the metastable ͓5s5 p( 3 P 1 )͔ state. The reactant gas is admitted into the vacuum chamber through a needle valve until the pressure is 1ϫ10 Ϫ4 Torr. Studying the reaction with 1,2-difluoroethene, both pure cisCHFvCHF and a mixture (ϳ50%) of the cis-and the trans-form are used as reactants. C 6 H 5 F ͑liquid at room temperature͒ is kept in an ice-cooled vessel, and is led into the reaction chamber as pure vapor or mixed with helium gas.
For laser-induced fluorescence detection, the SrF products are excited by a modified tunable CW dye laser ͑Spectra Physics Model 375, bandwidth 10 GHz͒, pumped with the Ar ion laser mentioned above. The probe laser operates with a dye solution of rhodamine 6G to excite the SrF products to the B 2 ⌺ state ͑577-587 nm͒. In the case of CF 2 ϭCH 2 also the A 2 ⌸ 3/2 -X 2 ⌺ transition ͑644 -653 nm͒ is used for LIF detection ͑dye mixture rhodamine 101/rhodamine 6G͒. The dye laser beam ͑power in the detection zone Ϸ35 mW͒ is mechanically modulated at 120 Hz to allow phase-sensitive amplification of the LIF signal. In the fluorescence detection system the light is spatially and color filtered to suppress scattered laser light and the Sr( 3 P 1 ) fluorescence light. The light is detected as a function of excitation wavelength using a photomultiplier tube ͑RCA C31034͒. An etalon, a hollow cathode lamp, and a Burleigh wave meter are used for wavelength calibration. Table I gives the spread in the available energy, which is determined by the width of the distribution functions ͑FWHM͒.
III. SIMULATION
In the spectrum simulation procedure the rovibronic line positions of the B 2 ⌺ -X 2 ⌺ transition are calculated from the spectroscopic constants, as presented in Ref. 
IV. RESULTS
In our beam-gas experiments using LIF detection of SrF(X 2 ⌺), we observed no reaction products for the reactions of CHFvCH 2 , CF 2 vCH 2 , CHFvCHF, and C 6 H 5 F with Sr in its electronic ground state 1 S 0 . As in our previous studies, 1,2 but in contrast to reactions of nonfluorine containing alkylhalides, i.e., alkylchlorides, bromides, and iodides with electronically excited alkaline earth atoms, which lead to alkaline earth monohalides, [20] [21] [22] [23] [24] no experimental evidence was found for chemiluminescent products.
Exciting Sr to the (5s5p) 3 P 1 state, LIF spectra of SrF(X 2 ⌺) were measured, in most cases using the B 2 ⌺ -X 2 ⌺, ⌬vϭ0 transition. In this transition the R 1 and R 2 branches form bandheads at Nϭ150-90 and N ϭ180-120 for vϭ0 -20, respectively. ͓N is the quantum number belonging to NϭJϪS, where J is the total angular momentum ͑quantum number J͒, and S is the electron spin ͑quantum number Sϭ 1 2 ͒.͔ The rotational population distribution could be determined accurately from the relative intensity of the bandheads for a certain vibrational level. Figure 2 presents the experimental ͑a͒ and simulated ͑b͒ LIF spectrum of SrF formed in the reaction of Sr( 3 P 1 ) with CHFvCH 2 . The spectrum was simulated using a linear surprisal distribution for vibration. The linear surprisal distribution for vibration of the SrF product is given by
The exponent s results from integration over the vibrational and rotational degrees of freedom of the leaving organic radical, the relative translational motion of the reaction products, and the two rotational degrees of freedom of the diatomic product. 25, 26 Then sϭN v ϩ3, where N v is the number of vibrational degrees of freedom of the organic radical. The prior distribution for vibration of the diatomic product is a function of the fractional energy f v only, and the surprisal is given by the vibrational surprisal parameter v . For SrF formed in the reaction of Sr( 3 P 1 ) with CH 2 vCHF ͑N v ϭ9 for the CH 2 vCH•product radical͒, v is found to be Ϫ6.9. Note that a negative v denotes higher vibrational excitation of the diatomic product relative to the prior distribution. The rotational state distributions are Gaussian in N peaked at N ϭ130 for vϭ0 decreasing to Nϭ105 for vϭ10. The vibrational and rotational state distributions for this and subsequent reactions are given in Fig. 7 . From the simulations an average vibrational energy ͗E v ͘ϭ0.24 eV and rotational energy ͗E r ͘ϭ0.48 eV were deduced ͑see Table II͒ . For easy reference, the results for saturated fluorohydrocarbons reported previously 2 are also given in Table II . The average vibrational and rotational energy of the reaction products and the fractional energy disposal as derived from the simulations are presented in Table II . The fractional 2 ⌺ -X 2 ⌺, ⌬vϭ0 sequence is shown. The simulated spectrum is calculated on the basis of the spectroscopic constants presented in Sec. IV, and the vibrational and rotational state distributions are shown in Fig. 7 . A Gaussian frequency profile with a FWHM of 0.4 cm Ϫ1 is used for the convolution. In the simulated spectrum the R 1 ͑marks pointing upward͒ and R 2 bandheads are indicated.
ϭ͗E r ͘/͗E avl ͘. The latter two columns present ͗E tϩi ͘, the sum of the energy disposed into relative translation of the products and the internal energy of the radical.
Studying the reaction of Sr( 3 P 1 ) with CF 2 ϭCH 2 , the B 2 ⌺ -X 2 ⌺ ͑Fig. 3͒ as well as the A 2 ⌸ 3/2 -X 2 ⌺ ͑Fig. 4͒ transitions were measured. Both spectra could be simulated using the same vibrational and rotational population distributions, viz., a vibrational distribution with v ϭϪ5.5 and Gaussian rotational distributions peaked at Nϭ105 for v ϭ0 ͑FWHM, ⌬Nϭ85͒ decreasing to Nϭ95 for vϭ10 (⌬Nϭ70). In the A 2 ⌸ 3/2 -X 2 ⌺ simulation a contribution of SrF formed in oven reactions had to be taken into account ͑see Ref. 2͒. The Q 2 / P 21 branch in this transition forms bandheads at low N (Nϭ40), in contrast to the P 2 branch (Nϳ105) and the R 1 , R 2 branches of the B 2 ⌺ -X 2 ⌺ transition. Consequently, product molecules with thermal population distributions (T v ϭT r ϭ900 K) result in high-intensity bands for vϭ0,1 in the Q 2 / P 21 branch at 15 351.6 and 15 359.6 cm Ϫ1 , respectively. In Figs. 3 and 4 a contribution of 0.5% thermal product molecules was included. This is hardly visible in the B 2 ⌺ -X 2 ⌺ spectrum, since in that transition no bandheads are formed at the low rotational levels that are thermally populated. Figure 5 presents the experimental ͑a͒ and simulated ͑b͒ spectra of both pure cis-CHFvCHF and a mixture of cisand trans-CHFvCHF. Since it is approximately a 1:1 mixture, it is possible to make an estimate of the surprisal distribution of the trans-isomer from that of the vibrational distributions for the cis-isomer and the mixture, by assuming that the overall reaction cross section is the same for both reactants. The vibrational distribution found for the mixture is very well reproduced by a sum of two surprisal distributions, characterized by two distinct parameters, v (cis) ϭϪ7.6 and v ͑trans͒ϭϪ2.0. Alternatively, the latter distribution can be fitted by a Boltzmann distribution characterized by T v ϭ3200 K. Even if the assumption of equal reaction cross sections is doubtful, it is clear that there is a striking difference in behavior between the isomers in the TABLE II. Specific energy disposal into vibration and rotation of the diatomic product. Energies in eV, ⌬ gives the width of the distribution function ͑FWHM͒. The errors in the fractional energies are approximately Ϯ0.01. Fig. 7 . A Gaussian frequency profile with a FWHM of 0.4 cm Ϫ1 is used for the convolution. The R 1 and R 2 bandheads are indicated. way the energy is disposed in the reaction with Sr( 3 P 1 ), the cis-isomer leading to a larger range of SrF vibrations being excited than the trans-isomer. The input vibrational and rotational population distributions used in the simulations are depicted in Fig. 7 . Figure 6 shows the experimental ͑a͒ and simulated ͑b͒ spectra of SrF(X 2 ⌺) formed in the reaction of electronically excited Sr with C 6 H 5 F. The vibrational population could be simulated using a Boltzmann distribution characterized by T v ϭ2400 K, and for the rotational population again Gaussian distributions in N are appropriate. Here, a surprisal analysis (N v ϭ27) leads to a less satisfactory fit. The surprisal parameter found is very large and negative: v ϭϪ21.
V. DISCUSSION
Though from our experiment no absolute reaction cross sections can be deduced, we can compare the LIF signal intensities of the SrF(X 2 ⌺) product formed in reactions of Sr( 3 P 1 ) with the various reactants. The signal intensities in the reactions presented in this study are within the same order of magnitude. Relative to other reactants ͑CH 3 F, C 2 H 5 F, C 2 H 4 F 2 , presented in Ref. 2͒ the signal intensities at the peak of the v distribution are an order of magnitude stronger. Despite their lower exoergicities the reactions with unsaturated compounds appear to have higher reaction cross sections. In case of the saturated reactants, the vibrational distribution is generally bell-shaped, whereas for the presently studied unsaturated reactants it shows a Boltzmann-type behavior.
A further comparison between fluoroethane and 1,1-difluoroethane, studied in Ref. 2 , and the unsaturated reactants, shows that a much lower amount of energy is disposed into vibrational energy of the diatomic product in reactions with unsaturated compounds. Assuming similarly shaped potential surfaces, one would expect that the amount of energy disposed into translation is comparable, since the reduced mass of the reactants and products is about the same for all reactions.
Apparently, the unsaturated organic radicals take up more reaction energy than the saturated radicals ͑CH 3 , C 2 H 5 , C 2 H 4 F͒. Also, the fraction of energy disposed into relative product translation and internal energy of the radical, ͗ f tϩi ͘, varies with the reactants, contrary to the observations for fluoroethane and for 1,1-difluoroethane, also listed in Table II . 2 The absolute disposal into rotational energy ͗E r ͘ of the SrF product is observed to be about 27% larger for the reaction with fluoroethane than that with fluoroethene. This result strengthens the suggestion of the presence of distinct reaction mechanisms for these resembling molecular reactants, as discussed below. It is interesting to note that the lower exothermicity of the fluoroethene reaction is not reflected in ͗ f r ͘, which is found to be equal to 0.22 for both reactions ͑see Table II͒ . Figure 8 presents two triangle plots, visualizing the internal energy distributions in the SrF(X 2 ⌺) products formed in the reactions of Sr( 3 P 1 ) with CHFvCH 2 and C 6 H 5 F, respectively. As in the previous papers, 1,2 a contour plot is formed by connecting points of fractional energies ͑f v , f r , FIG. 4 . Experimental ͑a͒ and simulated ͑b͒ spectra of SrF formed in the reaction of Sr( 3 P 1 ) with CF 2 CH 2 . The A 2 ⌸ 3/2 -X 2 ⌺, ⌬vϭ0 sequence is shown. For the simulation the spectroscopic constants presented in Sec. IV are used; the intensities are the result of the same vibrational and rotational state distributions used in Fig. 3 . A Gaussian frequency profile with a FWHM of 0.4 cm Ϫ1 is used for the convolution. The Q 2 / P 21 and P 2 bandheads are indicated.
f tϩi ͒ with equal probabilities. The vertices represent situations where all energy is released into one degree of freedom. These plots emphasize the similarity in the product energy distributions for the reactions with fluoroethene and fluorobenzene. It seems as if the total amount of energy disposed into product translation and internal energy of the organic radical, E tϩi , does not depend on the size of the unsaturated fluorohydrocarbons. The triangle plots for the product energy distributions in the other reactions presented in this study, viz., Sr( 3 P 1 )ϩCF 2 ϭCH 2 , CHFvCHF ͑cis, trans͒, are very similar to the ones shown in Fig. 8 , and are therefore not shown. While the triangular plots favor a strong preference for a large f tϩi , the obtained vibrational and rotational state distributions of Fig. 7 preclude the presence of severe constraints, limiting the energetically accessible product quantum states, as pointed out by Picconatto, Srivastava, and Valentini, 27 to occur in our study. The reactions of Sr( 3 P 1 ) with unsaturated fluorohydrocarbons show no strong correlation between vibrational and rotational energy disposed into the diatomic products. Together with the low SrF vibrational energy disposal, this indicates that the reaction dynamics may be dominated by an insertion mechanism. Direct reactions often result in inverted vibrational population distributions in the diatomic product. 28 The presence of a double bond in the molecular reactant possibly supports insertion of the metal in the C-F bond.
In the reaction Sr( 3 P 1 )ϩC 6 H 5 F, only 9% of the available energy is disposed into vibrational excitation of the SrF product, despite the large negative value of the surprisal parameter, viz., ϭϪ22. This value is not a direct measure of the vibrational energy disposed into the diatomic product. It tells us that relatively much energy is disposed as vibrational energy of the diatomic product, compared to the prior distribution that takes all 27 vibrational degrees of freedom of the leaving organic radical into account as possible reservoirs for energy disposal. The energy disposal in the reaction with C 6 H 5 F is very similar to that in the reactions with the fluoroethenes, suggesting that the number of internal degrees of freedom coupled to that of the reaction coordinate does not increase going from fluoroethene to fluorobenzene. Compared to previously studied reactions, the fraction of available energy disposed into SrF vibration is small. It is also small compared to the results of Han, He, and Lou of the reactions BaϩC 6 H 5 X ͑XϭI, Br, Cl͒. They report fractional vibrational energies of 22%, 29%, and 40% for BaI, BaBr, and BaCl, respectively. sults of scattering experiments on K with different iodides, in terms of MO theory. Following similar arguments, the different behavior of the vibrational population of SrF for reactions of saturated versus unsaturated reactant molecules could be rationalized as follows in terms of simple MO theory, 32 and assuming a harpoon mechanism. As a first step in the reaction, the electron is supposed to jump from Sr to the LUMO of the reactant molecule. Actually, the orbital is deformed by the approach of the Sr atom, but we assume that it still has the characteristics of the original LUMO. For reactions with alkylfluorides, the electron will jump to the C-F * orbital, which is strongly repulsive, and the molecule will undergo very fast dissociation into R• and F Ϫ ͑compare Refs. 4, 5, 29-31͒. For reactions with fluorine substituted ethenes and for fluorobenzene, the electron is also supposed to make a transfer to the LUMO, which in this case is a * orbital. The orbital has a slightly nonbonding or antibonding character in the C-F bond, so that this bond is expected to become slightly weaker ͑cf. Ref. 33͒. Dissociation from this state would result in a negative molecular ion and a F atom, so another transfer of the electron to a C-F * orbital is necessary, corresponding to a strongly repulsive state, to allow for the release of F Ϫ . As a function of the C-F bond length, the * state and the * state correspond with a nondissociative and a strongly repulsive potential energy curve, respectively. If the C-F bond is weakened sufficiently by the electron in the * state, the bond length will increase to the point where the potential curves cross, so that a smooth transition of the electron to the * state may occur. Consequently, compared to the reactions with alkylfluorides, the reaction path will be extended. This will enhance the probability of scrambling of the energy carried by the reaction coordinate by its prolonged coupling to other vibrational modes. This could explain why the vibrational distribution for the reactions of Sr with the unsaturated hydrocarbons decreases steeply with v.
However appealing such a picture may be, it does not explain why the vibrational energy distributions of SrF resulting from the reactions with cis-and trans-difluoroethene ͑the distribution for the latter reactant being derived as described in Sec. IV͒ are clearly different, the vibrational surprisal parameters being Ϫ7.6 and Ϫ2.0 for cis-and transdifluoroethene, respectively. For an explanation of this result, a much more demanding quantum mechanical approach will be required.
Comparing the experimental LIF spectra obtained in the present study ͑Figs. 2, 3, 5, and 6͒, subtle but significant differences are observed. In Fig. 3 , for example, the intensity of the R 2 bandheads is much lower than in the other figures, indicating lower rotational excitation in the SrF(X 2 ⌺) reaction product in the reaction with CF 2 vCH 2 . Indeed, this is deduced from the spectra by simulation, as can be seen both in the rotational population distributions ͑Fig. 7͒ and Table II. Similar to our observations in a previous paper concerning mono-and 1,1-difluoroethane, 2 1,1-difluoroethene shows lower rotational excitation in the SrF products and narrower population distributions than monofluoroethene. This suggests that two geminal fluorine atoms reduce the range of angles at which the SrF molecule can leave the reaction center, resulting in narrow population distributions. On the other hand, the rotational distributions for the reaction with C 6 H 5 F show population distributions of comparable widths, which makes the above suggestion dubious.
In summary, the series of experiments in this and previous studies 1,2 and on the reactions of electronically excited FIG. 6 . Experimental ͑a͒ and simulated ͑b͒ spectra of SrF formed in the reaction of Sr( 3 P 1 ) with C 6 H 5 F. The B 2 ⌺ -X 2 ⌺, ⌬vϭ0 sequence is shown. The input vibrational and rotational state distributions used in the simulation are shown in Fig. 7 . A Gaussian frequency profile with a FWHM of 0.4 cm Ϫ1 is used for the convolution. The R 1 and R 2 bandheads are indicated.
Sr with fluor containing molecules illustrates the large influence of the organic radical in the formation of the SrF(X 2 ⌺) product. Generally, reactions with HF and saturated fluorohydrocarbons result in inverted vibrational energy distributions, whereas in the reactions presented in the present paper the energy is distributed almost statistically. The energy disposal in the reaction with C 6 H 5 F is very similar to that in the reactions with the fluoroethenes, despite the difference in the size of the reactants.
Subtle but significant differences are observed between reactions with various configurations of C 2 H 2 F 2 . However, the energy disposal mechanism is complex, and a complete interpretation of our experimental observations requires more experimental ͑e.g., measurements of the recoil distribution among the products͒ and theoretical work. 
